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Despite their essential function in mediating and controlling chromosome segregation, 23 centromere architecture is remarkably diverse among different organisms. In fact, the length 24 of centromeres ranges from as small as 120 base pairs to up to several megabases of DNA [4] . 25
With some recent exceptions, sequence information is only available for shorter centromeres 26 whereas assemblies of larger centromeres are limited due to their length and repetitive 27 sequence composition (Figure 1, Box1) . 28 nuclei, consistent with a Rabl configuration [32, 33] . 23
Compared to Rabl and non-Rabl conformation, A. thaliana has a distinct centromere 24 organization with (peri-)centromeric heterochromatin organized as clearly distinguishable 25 chromocenters (see glossary) in the nucleus (Figure 2 ). These are not randomly positioned 26 inside the nucleus and are found near the periphery or close to the nucleolus. Moreover, the 27 number of chromocenters observed is often (in ~88% of observed nuclei) less than 10 28 (corresponding to 2n = 10 chromosomes), demonstrating a propensity to associate together 29 [34] . 30 Centromere clustering in interphase nuclei has also been observed in several animal 1 model organisms. Counting the number of CENH3 CID positive foci in interphase nuclei using 2 immunofluorescence experiments demonstrated that centromeres cluster in fly cells [35] . In 3 particular, S2 aneuploid cells (13 stable chromosomes) show 4-6 clusters ( Figure 2 ) and third-4 instar larval diploid (2n=8) hemocytes show 2-3 clusters, which are localized close to the 5 periphery of the nucleolus in both cell types. 6
Centromere clustering is also a common feature in human and mouse. Early studies on 7 mouse B and T lymphocytes describe clustering of centromeres and their colocalization with 8 chromocenters comprised of pericentromeric heterochromatin (Figure 2 ) [36, 37] . More 9 recent analyses of non-dividing/quiescent (G0) lymphocyte cells from mouse and humans 10 reveale that centromeres cluster preferentially at the nuclear periphery, forming on average 11 13 or 9 signals per human (2n=46) or mouse (2n=40) nuclei, respectively [38] . In the few cases 12 of a central localization, clusters are found to be associated with the nucleolus. and mature blood cells (B and T lymphocytes, granulocytes, monocytes) as models for cell 20 differentiation, as well as fibroblasts, which offer a comparison with a terminally 21 differentiated cell from another lineage. Upon exit of mitosis, in early G1, very little to no 22
clustering is observed and the number of kinetochore signals decrease in late G1 and S phases 23 indicating centromere clustering. Over the course of G2, centromeres separate out again as 24 chromosomes start to condense in preparation for mitosis. In addition, peripheral localization 25 and clustering of centromeres are less pronounced in nuclei of cycling cells or progenitor cells 26 compared to non-cycling and terminally differentiated cells [41, 42] . In particular, while 27 centromere clustering is maintained in human embryonic stem cells, their peripheral 28 localization is mainly lost, possibly due to rapid divisions of these cells [43] . 29 6 In summary, while the insights gained from microscopy approaches are limited, these 1 studies reveale that centromeres are often confined to or even clustered in specific nuclear 2 locations in many organisms. Their organization within the nucleus, however, varies from one 3 species to another. 4
Centromere interactions drive genome 3D organization and regulation 5 Genome-wide chromosome architecture studies using high-throughput molecular 6 biology techniques, like Chromosome Conformation Capture (3C, see glossary) and its 7 derivatives (4C, Hi-C,…; see glossary) offer new ways to study the importance of centromeres 8 in genome organization. Early studies define the top of genome organization hierarchy as 9 being CTs [44] . In line with that, Hi-C data from different organisms describe that 10 intrachromosomal interactions are always more frequent than interchromosomal 11 interactions. In many organisms, and especially in mammals, chromosomes can be further 12 segregated into two compartments: the A compartment, which includes regions of the 13 genome enriched in genes and histone modifications associated with active chromatin, or the 14 B compartment, which is enriched in histone modifications associated with inactive chromatin 15 [45] . Going down the chromosome organization to the scale of several hundred kilobases, one 16 can find domains which interact more frequently within themselves than with neighboring 17 regions, often referred to as topologically associated domains (TADs) [46] . In addition, other 18 signatures of genome organization are also visible on Hi-C maps, and account for specific and 19 strong landmarks of 3D genome organization. Here, the centromere is a classic example of a 20 region with strong topological impact. Assembling data from many organisms published to 21 date, we will discuss at least two implications to previously described centromere interactions 22 visible on Hi-C matrices: (i) centromeres build a specific sub-compartment inside the nucleus 23 and (ii) they form a barrier to intrachromosomal arm interactions. 24
Centromeres form strong interacting sub-compartments 25
Three-dimensional genome organization has been studied in several fungal species. The 26 first S. cerevisiae full genome contact map (see glossary) was published using a high 27 throughput 4C-derived experiment [47] . From this map, centromere clustering was reported 28 to be the most striking feature of interchromosomal contacts, in accordance with the known 29 organisms. In addition, the lack of full centromere sequence assemblies might also be a 22 confounding factor. Satellite sequences are systematically excluded from most next 23 generation sequencing analysis due to their repetitive nature. Nevertheless, as the interaction 24 signal spreads along neighboring chromatin fibers due to their physical properties, it is 25 possible to recover the interaction encompassing repetitive regions by looking at adjacent 26 non-ambiguous regions. Using this principle to reanalyze human and mouse Hi-C data, it was 27 found that decomposing the contact map signal into a series of genomic tracks, known as 28 eigenvectors, enable to determine the contribution of particular genomic features to higher-29 order chromosomal organization [69] . They further determine that the first eigenvector 30 relates to genomic sequences and local epigenetic chromatin states (as described before by 1 the compartmentalization), while the second (or third in the case of mouse) relates to the 2 position along the chromosome arm and highlights centromere-centromere interactions. The 3 association of all repetitive elements in the human and mouse genomes has also been studied 4 by using neighboring regions of ambiguous sequences, as well as stringent and restrictive 5 mapping parameters [70] . With these techniques, it was shown that some satellites 6 significantly co-localize inside the nucleus, particularly alpha-satellites in the human genome. 7
Furthermore, by using higher resolution maps of the human genome (down to 1 kb bins), the 8 two original compartments that were described by the first eigenvector were refined and 9 divided into five sub-compartments, two in A and three in B [71] . Sixty-two percent of 10 pericentromeric heterochromatin is found in sub-compartment B2, which is associated with 11 the nuclear lamina and nucleolus associated domains. Finally, superimposition of 3D genome 12 structure determination from single-cell Hi-C data with microscopy visualizing CENP-A reveal 13 a Rabl-conformation with centromeres and telomeres clustered at opposite sides of the 14 nucleus in G1 mouse ES cells [72] . Taken Analyses in human cells using a modified 3C technique, called Tethered Conformation 8
Capture (TCC), reveale that the contact profile of inactive regions decreases abruptly when 9 located on opposite sides of the centromere [85] . This effect, however, is not seen for active 10 regions which tend to be involved in long-range contacts regardless of the presence of the 11 centromere [85] . These analyses demonstrate that the human centromere can also act as a 12 contact barrier, at least for some categories of compartments. 13
In addition, the position of the centromere on the chromosome also constrains its 14 overall architecture. This effect can be observed in S. cerevisiae where the small and long 15 chromosome arms tend to interact more frequently with one another, respectively [86, 87] . 
Concluding remarks and future perspectives 27
In this review, we provide a collective view on the spatial organization of centromeres 28 in a range of distinct eukaryotes (Key table) . Despite their essential function, centromere 29 architectures and sequences are highly diverse. Yet, in many organisms the spatial 1 organization of centromeres appears to be conserved. Centromeres localize to distinct nuclear 2 sub-compartments or even cluster with one another in interphase nuclei. Given that the first 3 layer of genome organization is the segregation of chromosomes into CTs with 4 intrachromosomal interactions being the most frequent of all, centromere clustering across 5 different chromosomes is not an intuitive result. This raises the questions of what leads to 6 centromere clustering and whether there is a functional relevance to this organization (see 7 outstanding question box). 8
Centromere clustering could be mediated by proteins that bind to centromeres or 9 pericentromeres and stabilize long-range interactions between them. This mechanism could 10 be similar to the formation of chromocenters in flies and mice that were proposed to be 11 mediated by proteins bound to pericentromeric satellites and capable of bundling multiple 12 DNA strands [88] . Future studies could aim to identify additional proteins involved in the 13 formation of centromere clusters. The physical properties of centromere clusters could phase 14 separate them into nuclear sub-compartments as it has been proposed to underlie A/B 15 compartmentalization observed in Hi-C data [89] The position of the centromere on the chromosome together with its 3D organization 6 also impacts the chromatin environment in its vicinity. It will therefore be interesting in future 7 studies to investigate how genome architecture changes with centromere organization. This 8 aspect could be addressed in organisms that have evolved neocentromeres or contain 9 evolutionary new centromeres by comparing their genetic environment to the ancestral state. 10
Additionally, studies in organisms with drastically different centromere organization, such as 11 holocentric (see glossary) species, could also provide insights into the impact of centromeres 12 on genome architecture. 13
Finally, a comprehensive picture on the conservation of 3D centromere conformation 14 will require data from additional organisms including non-model organisms. However, in order 15 to do this, we will have to overcome the challenges brought forth by the repetitive nature of 16 many centromeres that result in incomplete genome assemblies. New and improved 17 sequencing technologies will be required to get insights into centromere configurations in 18 organisms with repetitive centromeres including humans. In the Candida clade, including C. albicans, centromeres occur in large ORF-free regions 5 of 4-18 kb which includes a CenH3-containing-nucleosome core region of 3-5 kb. They share 6 no common sequence motif or repeats either within one organism or between them [5] [6] [7] . 7
In S. pombe, the central core (cnt), of about 4 kb in length, assembles CenH3-containing-8 nucleosomes. It is surrounded by numerous alternating dg, dh and cen253 elements forming 9 innermost (imr) and outermost (otr) repeats, giving rise to centromeric regions of 35-120 kb 10
[101]. A similar organization with a non-repetitive mid core (2-5 kb) flanked by inverted 11 repeats (2-5 kb) is found in the phylogenetically distant yeast Candida tropicalis [102] . 12
In Cryptococcus species, centromeres are in syntenic positions in ORF-free, poorly 13 transcribed regions featuring variable combinations of retrotransposons or their remnants. 
